Sugar-mill wastewaters have potential to support microalgal biomass production for use as a biofuel feedstock (lipid source). Growth kinetics, light dynamics, and lipid production in multispecies-microalgae cultures collected from a sugar-mill pond are reported in this paper. Lipid content of the microalgae collected from the pond water was 14.5 % (w/w). Culturing the same microalgae in a photobioreactor on the pond wastewater supplemented with Gillard's F/2 and CO 2 , and irradiated with 151 to 337 μmol s -1 m -2 artificial light produced cells with lipid contents of 11 % (w/w) at 25 °C, 35 % (w/w) at 31 °C, and 28.6 % (w/w) at 33 °C. The maximum specific growth rates (µ max ) at 25 °C, 31 °C, and 33 °C were 0.64 d -1 , 2.5 d
Introduction
The development of high tonnage microalgae production using cost-competitive methods is of great interest to the renewable biofuels industry [1] [2] [3] [4] due to the ability of microalgae to form significant quantities of lipids utilizing solar energy while capturing carbon dioxide or even waste carbohydrates. Microalgae have higher productivity than traditional oil crops because they can double their mass every 4 to 24 hours, and generally have 20 to 75 % oil content in biomass on w/w basis 2, 5, 6 . A decade ago, the production costs of microalgae ranged from $20 -$1,000 (kg CDM) -1 depending on culture system type and size 7 . As a result, much of the current research on microalgae production has been focused on reducing costs associated with cell production, dewatering, and lipid extraction. It has been estimated that the production cost of microalgal biomass cultured with currently available technology could be lowered to approximately $2.95 -$3.80 (kg CDM) -1 if carbon dioxide is available at no cost from CO 2 emissions, and even lower, provided the nutrients available in wastewaters are utilized in production facilities scaled to 10,000 tons CDM/y using natural light 7, 8 . Such conditions, however, have not been met in any of the existing facilities around the world 2, 9 . Strategies suggested for reducing production costs of biofuels, such as integrating biodiesel as co-product of a bio-refinery 10 , integrating production of polyhydroxybutyrate (PHB) or other biodegradable plastics with sugar-mill operations 11 , use of bagasse and other cellulosic trash in sugar mills for second generation biofuels 12 , and production of biocompatible / biodegradable green plastics (polyhydroxyalkanoates PHAs) from the biodiesel byproduct glycerol 13 , may be utilized with algae cultivation as well, but these have yet to be explored.
Lately, co-location of microalgae culturing facilities at or near sugar mills has potential to address the above limitations [14] [15] [16] . A typical sugar mill has a raw product staging area where the incoming cane is cut and crushed by roller mills to release the sugar juice from the fibers 17, 18 . The fibers are further dewatered and used, in most cases, as fuel for an on-site power-generating plant. The sugar juice is purified via chemical addition, and the mud-precip-itants are removed via filtration/sedimentation; the purified sugar juice is then processed into massecuite for final separation as sugar crystals and molasses. Mud-precipitates are usually sent to treatment/holding ponds, normally less than 9 acres in size. Most sugar mills have 2 to 4 ponds on-site. Effluents from these ponds can be used to cultivate microalgae [19] [20] [21] . As an aside, the molasses, sweetmuds, and other carbon-based wastes may also be used to support the mixotrophic microalgal cultures 18 . The power plants, as they combust the fibers, emit carbon dioxide that can be a carbon source for autotrophic algae. Moreover, these mills have a large capital investment in dewatering equipment that sits idle over half the year during the non-grinding season. The dormant process equipment represent basically the same configurations needed for microalgae dewatering and drying. During these non-grinding months (March to September), higher ambient temperatures are conducive also to greater algal biomass production.
The concept of co-location was explored by Lohrey and Kochergin 16 through simulation studies of material and energy balances using the Sugars™ modeling program. Their findings indicated that a sugar mill producing 10,000 ton sugar/day (TPD) could support production of 30,000 tons CDM microalgae/y in 530 ha algal pond area, yielding 5.8 million L of biodiesel (B100)/y, and reduce CO 2 emissions also by 15 % without requiring any fossil fuel. This study recognized that most of the inherent uncertainty of the model was due to the lack of data on modeling parameters, and pointed out the need for further research on algal species native to the sugar-mill location for their production rates and lipid content. The optimized microalgae production rates require the understanding of growth kinetics and light dynamics.
An additional concern in microalgae-based biofuel production is the need for large amounts of water and nutrients [22] [23] [24] . While phosphorus (P) in effluent waters is considered a pollutant, it is becoming a depleted resource also 22, 25 . For these two reasons, research exploring the potential for using wastewaters to produce microalgae biomass for the biofuel industry is being encouraged by the U.S. Department of Energy 3 . The Southeastern U.S. Gulf Coast Region has been identified through GIS modeling studies to be an optimal location for algae biomass production 24 . This region has a large number of sugar mills also that produce large volumes of wastewater containing appreciable amounts of nutrients suitable for cultivation of microalgae.
The majority of microalgal species are phototrophic 26, 27 . The photoautotrophic and mixotrophic cultures depend on photosynthetically available radiation (PAR) to drive the photosynthetic process 28 , and maximizing light utilization is of primary importance to achieve the highest level of production in microalgal systems [29] [30] [31] [32] . At high irradiance levels, growth of microalgae is photo-inhibited [33] [34] [35] . Photo-oxidation begins at average irradiances greater than I opt , causing temporary or even permanent damage to the electron transfer chain of Pigment System II in cells 29 . Photo-inhibition has been reported in outdoor cultures of Spirulina under natural light intensities that are 10 % of full sunlight 36 . In photobioreactors, literature reporting photo-inhibition is scarce since the artificial light sources used in such reactors usually have light intensity approximately 10-20 % that of natural sunlight 37 . Steele's equation and similar models are used to model growth (µ) in a photoautotrophic culture: ) associated with μ max . Collecting empirical data on these parameters is necessary for modeling, defining optimum conditions, and understanding production under various growth conditions. The design and operational factors that influence these parameters include depth of culture, mixing rate (cell light/dark cycling frequency), dilution rate, nutrients, temperature, salinity, and distance of light source from the culture surface in the case of artificially lighted systems 10, 27, 29, 30, [38] [39] [40] [41] [42] . Numerical models, such as those developed by Benson et al. 7, 37, 43 and Lohrey and Kochergin 16 are needed to simulate and optimize microalgal production in sugar-mill wastewaters.
This paper reports results of investigation of growth kinetics, light dynamics, and lipid content of native microalgal species endemic to a sugar-mill wastewater pond. These experiments were conducted over a temperature range typical of a wastewater pond during daylight hours of the non-grinding season at a sugar mill. The specific objectives of this work were to determine:
-The light attenuation parameters in the sugar-mill wastewater.
-The growth dynamics of microalgae of the sugar-mill wastewater cultivated in a photobioreactor supplied with nutrients (Gillard's F/2) and CO 2 over the range of temperatures.
-The lipid content of microalgae in the wastewater and those cultivated in the photobioreactor.
Preliminary estimates of parameters needed to model microalgae production from the eutrophic waters are reported here. While beyond the scope of this work, this information is expected to lead to future research and model simulations to forecast efficiency, optimization of pond configuration, and economics of algal production at sugar production facilities.
Materials and methods
Wastewater: Samples were collected from a sugar-mill pond in St. Mary Parish, Louisiana, USA in ethanol-sterilized containers using a hand-siphon pump at discharge outlet 12-inches below the surface. Average temperature of the pond water at collection times was 31 °C. The samples were transported directly to the lab and used in studies. The waters had 0.77 mg L -1 PO 4 -P but no measurable amount of N.
Photobioreactor: A New Brunswick Scientific 1-L working volume bioreactor (Model F-1000) was used in this study in batch mode of operation. Internal diameter of the tank was 10 cm. pH in the bioreactor was controlled between 7.5 and 8.5 by continuous supply of CO 2 which was adjusted every 4 hours. Nutrients (F/2 medium listed in Table 1 . Temperature in the reactor was controlled by circulating water from a water bath through heat-exchange coils in the reactor. A 120-W Sylvania Spot-GRO light bulb was used for artificial sunlight irradiation to the bioreactor contents.
Biomass density: Cell concentration was measured as optical density (OD) in samples at 750 nm (Standard Method 8111G.4c) 44 . The optical density values were converted into cell density as g CDM m -3 with the help of the following linear relationship with r 2 > 0.98, which was obtained from a calibration curve of cell density vs. OD prepared using the cells grown in this work:
Lipid content in cells: Lipids were extracted from the microalgae using Bligh and Dyer 45 method. Replicate samples were not evaluated due to limited quantity of cells produced in these experiments.
Photosynthetic Available Radiation (PAR): PAR was measured using a spherical quantum sensor (Li-Cor, Model LI-193SA) in cell suspensions created by diluting the final broths (0 %, 25 %, 50 %, 75 %, and 100 % resulting in biomass concentrations ranging from 0 -1.020 g CDM m ) from the growth studies. Instantaneous readings, proximal, central, and distal to the light source, were recorded at different depths of light once the quantum sensor had stabilized. The measurements of irradiation (I Z ) at different depths (Z) were processed using the Lambert-Beer Law (equation 3) to determine the surface irradiance (I OS ) and the overall scalar attenuation coefficient (k 0 ).
Here I Z (PAR) is the scalar irradiance at light depth Z (μmol s -1 m -2 ), I os is the scalar irradiance on surface, k 0 is the overall scalar attenuation coefficient (m -1 ), and Z is light depth (m). The overall attenuation coefficient (k 0 ) was related to the biomass concentration, X (g CDM m ), by the following equation to determine the water and biomass attenuation coefficients:
Here k W is the water attenuation coefficient (m -1 ) and k B is the biomass attenuation coefficient (m 2 g -1 ). In a culture, it is assumed that the dissolved matter was present at low concentration, uniformly distributed, and relatively unchanged during culturing, and thus could be lumped with the attenuation of water. It was also assumed the ratio of Chlorophyll a to total suspended solids (TSS) would be relatively constant. Therefore, the attenuation due to the microalgae could be represented as a function of the overall TSS rather than divided between Chlorophyll a and non-pigmented TSS. 
Here d is the light depth (0.1 m) in the photobioreactor used, I OS is the surface irradiance estimated using PAR measurements, and k 0 is the overall attenuation coefficient in the culture at specific sampling time (calculated using biomass concentration in the samples, and k W and k B estimated by PAR measurements).
These data were then used to calculate maximum net specific growth rate (µ max ) for experiments at various temperatures (25 °C, 31 °C, and 33 °C) culture conditions.
Results and discussion
Light attenuation characteristics in microalgal cultures from the sugar-mill wastewater Three quantum sensor readings, proximal, central, and distal to the light source, were taken and averaged at different depths in the fermenter across its 0.1 m diameter in suspension containing biomass concentrations ranging from 0 -1.020 g CDM m -3 . These observations are shown in Figure 1 . In all the cases except for clear solution (zero biomass concentration), irradiance dropped rapidly as the light path length increased and incremental loss of irradiance decreased with increasing biomass concentrations. For the light-path of 0.1 m in this photobioreactor, light attenuation by water was small. This is in agreement with the suggestion of Molina-Grima et al. 30 that light attenuation by water may be neglected for light path lengths up to 0.15 m. Acien-Fernandez et al.
28 also neglected light attenuation in absence of biomass within 0.05 m diameter tubes. In deeper culture systems with longer path length, attenuation due to water cannot be neglected 37 . Although there is a possibility that the attenuation curves are biphasic with an increased attenuation rate in the shallow depths where wavelengths of low energy are absorbed 41, 46 , an assumption is often made that the attenuation coefficient is a constant 46 .
The experimental data presented in Figure 1 were used to evaluate the attenuation coefficients k 0 using semi-log plots per equation (3) . The data regressions yielded k 0 values ranging from 0.275 m -1 for clear water to 30.5 m -1 for biomass suspensions of 1.020 g CDM m -3 cell density (r 2 > 0.99 for all cases). These values are plotted against biomass concentrations in Figure 2 . In this figure, second-order polynomial regression line has been shown with corresponding regression expression and the correlation coefficient. It is clear that the biomass attenuation coefficient (k B ) of equation (4) is itself a function of biomass concentration. The second order fit suggests that the biomass attenuation coefficient is linearly dependent on biomass concentration in the ranges (X up to 1000 g CDM m -3 ), likely to be encountered in outdoor open algae cultivation systems (k B = 0.0636 -3.31 ⋅ 10 -5 X). Since the light path depths in practice may be comparable or even greater than those used in this study, it is recommended to use the biomass concentration-dependent biomass attenuation coefficients.
Using the biomass concentration dependency established here, the biomass attenuation coeffi- While direct comparison of the literature values to those obtained in this study is difficult due to differences in the method of estimation, it is evident that artificial illumination produces attenuation patterns similar to those obtained for natural sunlight 37 . Furthermore, there appears to be a negative correlation between k B and biomass concentration (X), which might be expected due to an increase in self-shading with increased biomass density, concurrent with the increased probability of overlap of self-shaded cells at higher concentrations. This suggests that a more accurate model of light attenuation in deep cultures with high biomass density is in the form of equation (4) 
Such inverse (albeit exponential) relationships have been used by several researchers as well 28, 37, 48 . Although such a direct relationship between average PAR and cell density is not as good as the indirect one represented by equations (3) (4) (5) , its simplicity led to using equation (6) to estimate average PAR in the photobioreactor at the different sampling times during growth studies reported next.
The results of this light attenuation study also suggest that little penetration of light occurs beyond a very narrow depth in high density cultures. The dense cultures reactors, therefore, must either be narrow or have considerable mixing across depth to ensure that cells are frequently exposed to light for photosynthesis. Many of the outdoor systems today are deeper than the light penetration point, and thus have large dark zones that result in dilute cultures and high dewatering costs.
Growth dynamics of microalgae of the sugar-mill wastewater in a photobioreactor
Growth dynamics for microalgal communities in the sugar-mill retention pond wastewater were studied in the photobioreactor at three different temperatures. These temperatures (25, 31 , and 33 °C) were selected to represent the range of temperatures observed in the pond during the months the mill is not in operation. Temperature of pond waters during water collection was 31 °C. The microalgae was grown in the bioreactor until the cultures reached stationary growth phase, which took about 4 to 5 days. Throughout the growth studies, samples were collected at 4-hour intervals, and OD readings in these samples were used to calculate the dry weight biomass concentrations using equation (2) . Average PAR values within the cultures were also calculated using equation (6) . The cell growth curve and the calculated PAR values are shown in Figure 4 for cultivation temperature of 33 °C.
Exponential growth, observed by a semi-log plot of cell dry weight concentration against time, was observed only from 35 th to 42 nd h, representing a maximum specific growth rate of 2.7 d -1 at this temperature. During this period, average PAR in the reactor was 340 mmol s -1 m -2 . Beyond this period, the culture showed continued growth of cells to cell density of 1020 g CDM m -3 at the end of growth phase. During this period, average PAR values decreased from 400 mmol s -1 m -2 to 100 mmol s -1 m -2 . Linear growth continued until biomass concentration of 989 g CDM m -3 was achieved; PAR flux at this point was 109 mmol s -1 m -2 . Because of the efficient mixing in the bioreactor, biomass concentration continued to increase even at average PAR lev- els below what would be expected to be photolimiting. The experiments at 25 °C and at 31 °C gave similar results, although the maximum cell densities obtained in these experiments were considerably lower due to unanticipated disruptions during experiments. The maximum specific growth rates at these temperatures and their standard deviations are shown in Figure 5 . In this figure, the average specific growth rate and its estimated standard deviation is also presented considering that 25-33 °C represents the anticipated temperature range during operational period. The maximum cell densities achieved during the different experiments are shown in Figure 6 . The cell density in pond water is also shown in this figure.
The µ max was observed at different photo flux for each temperature investigated, at the average PAR (I a ) ranging from 151 to 362 mmol s -1 m -2 , during which cells grew exponentially. In prior studies 37 of light dynamics and growth of Selenastrum capricarnutum under metal halide lamps, approximately 95 % of µ max was observed over a PAR range of 160 to 530 mmol s ; photo-limitation and photo-inhibition occurred at irradiance levels below and above this range, respectively.
Results of this study indicate that, in a wellmixed culture of sugar mill microalgae, growth rates near maximum can be achieved if the I a for the system is between 150 to 400 mmol s -1 m -2 . In these experiments, cell concentrations reached 1030 g CDM m , respectively (p < 0.0001) (see Figure 5 ). There was a significant difference between the µ max observed at the higher temperatures and that at 25 °C, indicating that temperatures above 31 °C may be more conducive to biomass production. In literature 49 , µ max values as high as 2.2 d -1 have been reported for Dunaliella tertiolecta at 28 °C. Seven marine microalgae Pavlova lutheri, Isochrysis galbana, Tetraselmis suecica, Chaetoceros calcitrans, Phaeodactylum tricornutum, Rhodomonas sp., and Heterosigma akashiwo were reported to have similar growth rates 50 . The average observed surface temperature in the sugar-mill pond was 31 °C, which probably explains high growth rates at this temperature and the even higher growth rates at 33 °C. It is safe to assume that the microalgae community from the wastewater pond was adapted to 31 °C and is more thermophilic than typical. Certain freshwater microalgae species, such as Selenastrum capricarnutum, have optimal growth at 27 °C 51,52 , Lipids, %CDM x 20 53 suggest that optimal temperatures are generally between 12 °C and 40 °C, depending on the strain.
Lipid content of microalgae in the wastewater
Lipid contents of the cells produced during these studies are presented in Figure 6 . Temperature of cultivation had a strong effect on intracellular lipid content with cells cultivated at 33 °C, reporting significantly lower lipid fraction (11 % w/w) compared to those cultivated at 31 °C (35 % w/w) and at 25 °C (28 % w/w). The media used for these cultivations was supplemented with Gillard's F/2 medium and CO 2 . On the other hand, cells collected from the pond had lipid fraction of 14.5 % (w/w). These lipid fractions are moderate compared to the lipid fractions reported in literature. Several cultured microalgal strains have been shown to produce 20-50 % of their CDM as lipids 24, 54 . According to Metzger and Largeau 5 , Botryococcus braunii have lipid content above 70 % CDM. Since the pond is carbon-rich (from bagasse) and the pond temperature was 31 °C (which would be conducive to high growth rates and nutrient uptake), the pond waters were considered as nutrient-limited, as non-detectible phosphate testing results indicated. Stress due to temperature and reduced nitrogen has been reported in other studies to increase the cell lipid content 53 and our own laboratory studies also support this observation. However, growing the mixed algal culture in the laboratory with nutrients added (Figure 6 ) resulted in significantly more lipids in cells compared to that in pond samples (both at 31 °C). According to Barajas-Solano et al. 6 , it is necessary that the best sources as well as ratio of carbon and nitrogen be found to maximize biomass and total lipid production.
Conclusions
The parameters for modeling light dynamics and growth kinetics in a sugar mill wastewater pond have been estimated. Highest µ max values 2.5 d , which occurs within the top 10 cm in even the dilute cultures. An inverse exponential relationship was found between k B and biomass concentration. 
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